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Abstract

This report.describes an investigation ﬁo determine the feasibility
of a cache marker S&stém, An experiment in magnetic couplin% showed that
reasonable amounts of energy.could be transferred from the detectioﬁ device
to the transgonder. The variéus methods that were investigated for detect-
ing the transponder by means of this transferred energy are described. Two
single-frequency systems have been developed which are capable of'detecting
the transponder at distances up to about 30 feet in air, Caloulations in-
dicate’ that large deviatioﬁs-from the results in air should be encountered
only in sea»wéteru | | |

Theoretical investigation indicates that the Q of the coils of the
Litz wire offers an improvement_in Q over solid wire by a factor of 2 or
more. A spider-web type winding seems to offer the best coil configurations

aton o

A Q of 375 has been obtained using thz wire in, a spider-web type wmdmg°

P atadd
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I. INTRODUCTION

A. Purpose
The purpose of thls pr< ject has been t.o mvestlgate the fea51billty

of developlng a system to locate exactly a prevmusly buried (or sub-
merged ) object (cache), whose approximate position is known. As outlined

in the proposal, this system should consist of a transponder which is

buried or submerged in the vicinity of the cache and a‘detection device

¢

for locatlng the tranSponder and thus the -cache,
B. System Requlrements.
The requirements that have been suggested which the system must

satisfy are as follows: . ’ . e

1. The system shall include everything necessary to attain

6;5 : the desired result including a transponder and e means for

“detecting its location under specified conditions.

2, The system shall be capable of revealing the efect location .
of thevtranSponder at a radius of at least 15 feet when the trans-
ponder is buried (or submerged) at a depth of 5 feet below the
surface of the ground (or water). If this depth cannot be realized,
1ohen the depth soall be at least inaccessiblevto the convehtional

s b

mine detector. ThlS is presently estimated to be absit 2 “feet,

pUpe_t g

3. The system shall operate reliably in all varieties of soil and
under water., v |

Le A single technique of universal application is desired.

.S.“’ The system shall 4be secure from ordinary aﬁtack and from

. <
accidental disclosure of the cache to the greatest extent

@ practicalle,
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8.

9.

operate reliably 5 to 10 years
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The system shall be operable by non-technical personnel.
The t ransponder shall be relativel& inexpensive,

The transponder shall be paséive.

The trénsponder shall be of construction estimated t§

1 after being placed as

specified in requirement 2,

10.

The detection device shall be readily portable by one

man and capable of operation without apprehension by a casual

observer,

C. Means of Energy Transfer

The solution of this problem requires a means of transferring energy

to the transponder which, in turn, transfers this energy back to the

detector, thus indicating its presence. The factor considered in the

process of determining the most profitable line of attack was the ques-

tion of attenuation in the medium of the prdpagated energy.

1.

Sound Waves

. The absorption factor for sound in sand and soil has been

reported by Nyborg et a12 for the frequency range of 10 to 100

kc.

The results show a sound level decrease of 4O db, at 35 kc.

as compared to 20 db, at 10 kc. when the distance from the trans-

mitter is doubled. This was for the case of mud and the attenuation.

1 This condition rules out the possibility of using presently available

batteries,

Nyborg, W. L.; Rudnick, I.; Schilling, H. K., "Experlments on Acousticl

. Absorptlon in Sand and Soil" Journal of the Acoustical Society of America,
= _ Vol. 22, No.. L (July 1950) pp. L22-L425,

GeNFIDENTIAL Page S
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factor increased as the water content of the medium,decreased.
There was some hope that at very low frequencies the attenuation
for sound would be greatly reduced. An acoustical driver was
| built to measure the attenuation«at*lOW'frequenciee but the delay
in obtaining a pickup for measuring,the‘sound level prevented us
froh ca;rying out this portion of the e;egram.‘
2, Electrical Conduction
The current distribution in the medium determines whether
electrical conduction could'bevused tc transmit energy to the
transponder. This method was not followed up because the current
distribution is largely determined by the conduct1v1ty of the .
medium, which varies over w1de limlts. .Time did not permit an
' ' , investigation to determine whether a system could be made operable
over these limits.
3. Eiectromagnetic Fields
The attenuation of electromagnetic waves and magnetic fields
is small provided the frequency is not too large. The equation
for the attenuation as a function of frequency, conductivity and
dielectric constant is given'ih Appendix A, In addition, the
dielectric constant and conductiyity for various soils and water
are presented. The attenuation factor:is calculated for wvarious
media at a frequencj of 100 kec.
Some simple calculations:ﬁefe made which showed that sizeable
voltages could be induced into»tuned circuits with coils of reason-

ézz able size and a reasonable number of turns at distances of ten feet.

50X1
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These calculations are presanted in Appendix B and formed

the basis for the fundamental experiment .

P . II. BASIC EXPERIMENT IN MAGNETIC INDUCTION

Two coils were made with an average radius of 1 foot, with 100 turns of
AWG #18_Fomvar insulated wire in a spider-web type winding. The experimental

setup is shown in Figure 1,

. 9.8 mh
H P Avero Avoro .
| OscuinTor Power Aue | o3 mb RCon T A

+
DisTANCES WERE
MEASURED FRoM

O

(B ': /7 | ColL CENTER To .
, , : 5 .
. ’ - coll CENT’E«.

BAUANTINE
vivy

Y
Con I

Eigure 1. Diagram of Experiment
A Hewlitt Packard audio signal genérator was used to drive an audio
amplifier whoseloutput was fed to a series tuned circuit adjusted for re-
sonance. The operating frequency was about 10 kc. A.Béllaﬁtine VIVM measured
the voltage across the condenser. This voltagehwas kept at 100 V rms throughout
the experiment. The voltage across Coil II was measured forfvafibus positions

@ ’ . where thevd’istances were similar to those specified by the requirements,

) : 50X1
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Figure 2., Geometry of Experiment

'Figure 2 shows the layout of the two coils. All the dimensions refer
to the centers of‘fhe coils., The axis of symmetry of Coil II was maintained
as shown invFigure 2, Cne run was made with the axis of symmetry of Coil I
maintained parallel to the axis of symmetry of Coil II. A second run was
made wherein the axis of symmetry of Coil I was péinted at the center of
Coil II for each measurement, These results are presented in Figufe 3 where
the voltages have been normalized by diviging by the voltage reading (8.2
volts rms.) obtained for Coil II in the O position. The abscissa for each
point is the angle 6 (see Figure 2)Ior the horizontal distance measured
from O in terms of d which is equai to 5 feet. The theoretical curves are
also presented'for comparison; their derivations are given in- Appendix B.

The results of this experiment demonstrated that we could profitably
concentrate our efforts on trying to find a method of detecting the energy

50X1
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III. THE DETECTION SYSTEMS INVESTIGATED

The sections that follow describe our efforts in the development of a

feasible system for detecting the transponder by means of magnetic coupling.

They are given more or less in the order in which they occurred.

We first started with the idea of developing a two-frequency system.

Qur early thoﬁghts were to have both frequencies present in the transmitted

signal. We soon realized that thisrequires bandwidth, which decreases as

the Q goes up, Thus, in order to have flexibility in the choice of frequency,

A

input.,
EALINE

the transponder would be required to have two separate tuned circuits in the

“The sin‘gl’e—frequency pulsed system was the first one-frequency system

@ considered and the c¢rossed coils system was the second. The balanced coil

system :is also included for discussion although no experimental work was

performed on this system.

’

Coil I and Coil II refer to the coils described in the basic experiment.

The coils had an inductance of 9.5 mh and a Q of approximately 100.

A_.*-‘ Balanced Bridge System.

This system consisted of anoscillator driving an audio amplifier which

i"ed"a bridge circuit as shown in Figure h.c

.‘ » / , .
. o Kc C‘OMI/XT\'LL
L . ' - HP Avoro g

g e ! Osc. /QHA

Bawavrive VIVM

O

CONFIDENTIAL

ey U s i “ Ry
e -
e 8 Figure L, Diagram of Bridge Circuit
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Three legs of the bridge were resistors;‘the fourth leg contained

Coil I with C in series tuned to reéonancé, the leg thps appearing
as a pure resistance. The bri&ge balanced by adjustment of R1 and
Ry

The object of this system was tordetect the presence of the
transponder by’meags of unbalancing the bridge circuit due to the
reflected impedance in Coil I. The transponder was tuned to
resonance which made the reflected iﬁpedance resistive,

One difficulty'we found with this system was the inability to
obtain a good null becéuse the balance is frequency senaitivg and
and a null can occur for only one frequency at a time. Any dis-

Q:? | - tortion in the voltage applied to tﬁé bridge gives rise to a

>/ .;' : residual.voltage at the null which is made up of all frequency com-
| ponents present in the applied voltage except for that frequéncy
to which the bridge is tuned.

With the null obtained there was an observable change with the
transponder at(about 2 feet, This could have been improved by use
of a tuned amplifier., However, this system is essentially a form
of a mine detector and would respond to any piece of metal which

would cause a resistance to be reflected in Coil I thereby un-

balancing the circuit, No additiohal work was done on this system. R

B. Colpitts Oscillator
This system consisted of a Colpitts oscillator, a signal

generator and a receiver,

CONFIDENTIAL Page 11
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i Figure 5., Diagram of Colpitts Oscillator System
The ability of this system to detect the transponder depends on

the oscillator frequency change, that is the result of the reflected

BTN impedance appearing 1n Co:Ll I due to the presence of the transponder,

=S, S
St

The reflected impedance is a resistance exactly at resonance. If the )

|
»

tranéponder ‘is tuned slightly off resonance the reflected impedance is

! ' complex being partly induotive_ and partly capacitive, depending on which ‘r
‘ ] |

5 '

t

side of resonance the transponder is tuned.

L : This system was tried wiﬁ1 the oscillator tuned to 20 kc. The sig-
nal generator and receiver were tuned to about 1600 kc. or the 80th

harmonic of the oscillator. We could thus hear the beat between the 80th

harmonic of the oscillator and the output of the signal generator, With

this system the transponder could be detected up to a distance of about

L feet by listening to the change in the~frequency of the beat note heard

in the receiver. It was felt—that no real 1mprovement could be made on

this system and no further investigation was madeo ;

e
’

50X1 .
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Co Two-Frequency Pulsed Sﬁtem : ‘ i .
This system consisted of a pulse modulated transmitter and a
receiver tuned to the pulse repetition frequency as shown below,

Figure 6:)

PusE lforsED i Power, 1 - ‘ ; .
Geneggrae| | Osc. aV E IT FecEIvER.
N - L .

Con'Z  Cown

ﬂETECT‘/OAI .DEV/C.E |

>

| L
Co I ' |

1L

!
£

Teansponoer_

v Figure 6. Diagram of Two-Frequency Pulsed System
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The transponder is made up of two tuned circuits: LCCIC:, which is
tuned to the-frequency of the pulsed‘ oscillator (about 4O kec.), and
. chp , which is tuned to the repetition ravte of the pulse generator
(about .5 kec.), connected together through a bridge rectifier circuit
mavdev up of lNSIJ,mdicdes. N
A brief, descriﬁtion of how, in principle, this syStem operates can

beét be told in terms of the waveforms shown below.

o 200 pins . - ‘A,X | i
T W MW“’”‘“

bopsacp|  |a-
Iwvpor To ForseEd ‘ Iwpur 7o Rwee Ourpor oF PBwirk
o Oscietnror , AmpriFIER, ArMPLiFIER ACRo5S
. aézv 4 : ’
P ) :
(a.) (%) ()

Z

’ \/ox.max; AcRoSS ' Voz_’me-—E ACROSS
L ‘
[ LID .
(4) | ' (e)

Figure 7. Waveforms for Two-Frequency Pulsed System

@
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The pulsed oscillator is triggered with negative pulses from the

" pulse generator [Figure 7(33 and oscillates during the duration of these

pulses'[Figure 7(bﬁ. The output of the power amplifier is shown in Figure
7(c) and this is the form of the magnetic field produced by L. This in-

duces a voltage in the transponder L as shown in Figure 7(d) This signal

""1s rectified and filtered by chp glvmg the waveform shown in Figure 7(e).
 The receiver input is tuned to the same frequency as chp and has a voltage

induced in the receiver coil by the circulating current of'LpCp.

The difficulty encountered in this system was in the coupling between

transmitte:: and r eceiver coils., The pulses of LO kc. signal in the trans-

‘mitter coil‘shock excited the receiver coil, resulting in a 5 kc. signal

l

The next step in our investigation was to devise a system similar to
the two-frequency pu’Lsed system in that both freguencies were present in
transmltted signal but where shock excltatlon would not occur,

D. Amplitude Modulation System
This system consisted of an amplitude modulated transmitter, where

the modulating frequency corresponds to the role of the pulse repetition

rate in the Two-Frequency Pulsed System, and a receiver tuned to this z
frequency o
° . ) b 4C.
SOKEG. sKC.
- TS K. _
SiehAL Hreer, 45 KC, Broniike T oA -
G-ENERATOR, Corr ™ esrscrmve Sae %
f Ry kc.‘ )
HE. ) RrcevER_.
Rupro :
Ose.

= “—plitude Modulation System 50X1
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The mixer circuit of the transmitter is fed with 5 and 50 kc.
signals giving outputs of 5, 50, L5 and 55 kc. signals. These are

applied to a parallel T RC network tuned to 5 kc. which attenuates

signals of this frequency.  The other signals pass through relatively

unattenuated and are amplified by the power amplifier and fed to tuned

circuit., It was then _reaiized that the transponder of,.the pfevious
system could not be used Eecause of the bread tuning required to pass
IS kc. and 55 ke. This would require a Q of about 5 in order to have

a 10 kc. bandwidth at 50 ke. An attempt to solve this problem resulted

in the transponder shown below.
. !

B

I

i

1l

e
P

Figure 9. A Two-Frequency Transponder
The inductance Ll 012 resonates at 45 kec. or 55 kc. and L2C12

resonates at 50 ke. The bridge circuit serves as the non-linear element

 to produce a difference frequency, 5 ke, to which L303 is tuned. A

theoretical analysis of the operation of this circuit was attempted which

took into account the mutual inductance between IhLp, L2L3, and Iﬂ_L3o
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The anélysis, although nét completed because of the complexity of the
problem, was not entirely devoid of useful results., It served as the
motivation for aéking the question of whether two-frequency systems
_were'practicable° This is discussed in a later section.
E. Single—Frequency,Pulsed Sjétem
This system coﬁéists of a'pulSed transmitter and a gated receiver
synchronized. together by means bf a gate-pulse generator. The trans; '
mitter output induces a voltageiin the transponder causing current to
. o

‘:girculate which contihes after‘theitransmitter is off., The receiver

is turned on after the transmittérris off receiving the signal due to

Y

H

the "ringing".
The inherent difficulty with this system was the coupling between

the transmitter and receiver énd the cénsequent "rinéing“ of the receiver,

The first step in the solution of this problem was the use of an untuned

input to the receiver., G,ting was attempted in the first stage of the

receiver. This resulted in gating transientS'whiQh could not be com-

pletely eliminatedo' The difficulty was solved by going through several

stages of untuned amplifiers before gating. By dealing with larger.

sigﬁals the gate tube could be operated so that it conducted only when

a signal from the transponder was presént. Let us now consider the

f S

‘system in more detail. '

o

50X1
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Figure 10. Single~Frequency Pulsed System

&
-

The gate-pulse generator supplies negative pulses to the pulsed
oscillator and to the gate circuit. The pulses supplied to the receiver
are of longer duration than those supplied to the transmitter in order
| to keep the rapidly decaying voltage in the transmitter circuit from
entering the receiver, ' |

The pulsed oscillator consists of a I-}artley oscillator whose tank
circuit is loaded down by the\a cathode circuit of a triode., This load‘

is removed when the triode is cut off which allows the oscillator to

operate.
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e

Figure 11. Pulsed Oscillator
The output of the cscillator feeds the power amplifier clamping -

@2?’ ’ circuit which consists of a cathode follower feeding the tuned output

cii‘cuit. .The cathode is connected tov a tap on the imductance which

8+

Figure 12, Power Amplifier Clamping
Circuit.

é:} is the output circuit of the transmitter. The position of the tap can

____he chosen ta siva anv imnedance load'up to the maximum value of the tank 5
' 0X1'!
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circuit. The tap is chosen to give an impedance which matches the
output of the cathode follower, The cathode follower also acts as a
~clamping circuit in that it behaves as a low impedance across the‘ tank.

circuit when the oscillator stops and damps out the ringing in a few o

j The untuned clippe;' amplifier consists of two }sta‘ges of clipping

s‘ g | and arﬁplification. (See Figure 1li). .The clipper circuits are biased

; : diodes which limit the peak-tb-peak ‘amplitude to a value de’oerminegl by
N ~ the bias voltages. This amplvitude‘ is sﬁch that it limits the signal

) | directly from the transmitter allowing 'the "ringing" signal to be
amplified to a level where gating can be accomplishe& without the
transients which result from the plate current being turned on and off,

This gating operation is readily described in terms of the following

CO

N
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R in v
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Line 1 is the zero level of the control grid. Liﬁe 2 is thg cutoff
level for the contrd grid., The control grid is operated just below thié,
i.e., at Liﬁe 3, except when the transmitter is on, whereupon the bias
level is lowered to Line L by a negative pulse on the third grid of the
gaﬁe-tube. Thus plate current flows'only when the "ringing" signal is
present, : -

The output of the g;ting circuit is fed to a tuned amplifier. For
this purpose we have used an HRO receiver, using the "s" meter as an
indicator.
| Using the circuit shown in Figure 1l the transponder could be

detected at a maximum distance of 11 feet. Further work is required

to improve the gating circuit and to reduce the noise.
¢’ '

4

F, The Crossed Coils System

‘The crossed coils system conﬁists of a CW transmitter, a receiver
and tuned coils for the transmit?ér output and the receiver input: The
transmitter and receiver coils are oriented so that there is minimum
ooupling between the two coils. 'The transmitter field induces a cir-
culating current in the transponder which produces a. field which induces
a voltage in the receiver coil, This voltage is amplified'sufficiéhtly_

%

to be detectable. In our experiments we have used the Tektronix "scope"

U]

Fori . . .
of zan HRO recéiver as an indicator, 1
..,:,-# . s
Osch- | Powee | ° | HRO
T oR [t
LATOR, Prtecrseg .[ : 7E KTRANIK

Fioure 16.  Crossed Coils System
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The same transmitter was used for this system that was used in the

*

single-frequency pulsed system. In order to get CW operation a constant,

negative voltage was applied to the grid of the triode controlling the

ﬁértley oscillators.

The transmitter and receiver coils were wound on forms cut out of
masonite., A spider-web type winding was used. The dimensions of the :
transmitter coil are 100 turns of #18 A.W.G. with an inside diaméter | |
of 2l inches and an outside diameter of 30 inches, The receiver coil
which fitted inside the transmitter coil contained 150 turns of.#2h A.W.G.
with an inside diameﬁer of 11 inches and an outside diameter of 15 inches,
The inside and outside diameters given are for the coil windings. The
receiver coil was supported inside the transmitter coil in a manner allow-
ing rotation of the receiver coil with respect to the transmitter.

The method of testing this system was as follows, The transmitter
and receiver coil were adjusted for minimum voltage across the receiver
coil with the transmitter on. The Tektronix "scope“ was qsed as an
indicator. A null of about 20 millivolts peak-to-peak was obtainable.

The transponder used was similar to the coils used in the first experiment

on magnetic induction. It was equipped wilth variable as well.as fixed

=
¢

capacity making it possible to tune the transponder through the frequency
of the transmitter. The effect of this oieration was observed on the
"scope" as an increase in voltage across the receiver coil., Using this

_ L/ :
method the transponder was still detectable cut to a distance of 30 feet,

This same experiment,was performed through the brick wall of the building

and this had no effect on the deiection of the transponder,

50X1
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In order to reduce the null, electrostatic shielding of the trans-

mitter and receiver coil was tried.

The results are tentative because

of the crudeness of the experiment but coil shielding does not give a

better null; it does reduce the effect of hand capacity. We plan to try

and féduce the null electrically by balancing out the residual voltage

of the null with a voltage of equal magnitude but opposite in phase.

Go Balanced Coil System

This system is in principle similar to the crossed coils system in

that a CW system is used., It differs in the way the transmitter signal

is kept out of the receiver, as shown in Figure 16,

[ower
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Figure 16, Balanced Coil System
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The transmitter consists of an oscillator feeding two power amplifiers
working into tunea circuit loads. The tuned circuits are connected so
that they are 180° out of phase and resﬁlt in zero voltage input to the
receiver if the amplitudes are exactly the same., The search coil. produces
 an external field whereas the other coil is magnetically shielded, thus
eliminating its external field. The circulating current of the transponder
induced by the magnetic field of the search coil produces a magnetic field
which induces a voltage into tﬁe search coil but nohe in the other coil
because of the shielding. Thié voltage produced by the presence of the
transponder appears in the input of the receiver, is amplified b&’a tuned
amplifier and fed to an indicator. B
This system has not reached the experimental stage because of lack

of time; we recommend that it be considered in Phase II.

IV. CONSIDERATION OF TWO-FREQUENCY TRAWSPONDERS

The reason for wanting to develop a two-frequency transponder is the added
security obtained from requiring thé knowledge. of two frequencies to locate the
transpander, It is assumed here that the enemy is completely familiar with
the system and his only obstacle is the knowledge of what frequency or fre-
quencies are uéed'with what area and the lécation of the'area° It is assumed
the enemy does not have any restriction on the size or amount of equipment
he‘can use, Therefore, a two-frequency transponder must not be detectable by
a one-frequency detection system if it is‘to be considered satisfactory.

A1l of the transpnﬁders that we have considered contained tuned circuits
which were not shielded magnetically. We cannot conceive of a transponder that

works on the principle of magnetic induction which is frequency selective and

_ daes not. ecaontain unshielded tuned coils.

50X1
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The question of whether a ﬁwo-frequenc’y transponder can be detected by a
one-freqﬁency detection system is then a ma tter of whether a one-frequency
detection system can find a tuned circuit, O

We know we can find a tuned circuit of high Q. It is also possible, in

in the transmitter to give a detectable amount of signal back to the receiver.
The single-frequency pu.ls'ed system is an example of ‘a system where the signal

from the transponder increases with transmittér power.

We can therefore conclude that any two-frequency transoonder containing |
unshielded tuned circuits is vulnerable to a one-frequency'sy&tem attack,

V. COIL DESIGN - '
The coils designed for the transmitter and receiver must cover the fre-
quency range froro 50 to 150 kco. The transﬁnnder ‘mﬁst cover the same frequency
range but will be made in assorted sizes from 9 to 18 inches in diameter, the

larger sizes being used at the lower frequencies,

The transmitter coil must be designed to produce the largest induced voltage

in ‘the transponder. For a givén transponder and frequency this means producing

the largest magnetic field possible. The magnetic field is proportional to
st 3 |

where i1 is the current, A is the area of the coil and n is the number of tur,no.

From an operational point of view the 'orea is determined by size limitations,

The current i is determined by the amount of power P which is dissipated in ’ol';e

coil and the a.c., resistance of the coil R,  . Writing i = (R.)% and dropping .

A since it is predetermined, the magnetic field is proportional to

(g)%n

’ - | 50X1
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If we use the approximatibn that the inductance L is proportional to na

where a is the radius of the cbil, and dropping the a for the reason aboVe,

Lo<n2

or the magnetic field in proportional to
| : .1. X 1

)2 (R)% o< Pz. qQZ

-

which tells us - that the Q should be as large as possible.

| The receivarkcoil must be designed so that for-a given fleld produced
by, the ktt-,ansponder it develops:the largest voltage. The voltage across the
reée‘iver. coil is propcrtional to the number of turns n, A the area of the

coil, the Q of the coil, and the frequency used. Dropping those quantities

whidm wecannot vary, the voltage across the coil is. proportional to

AnQ.

 The tranéponder coil must be designed so that for a given magnetic field

from the transmitter coil, the transponder will produce the largest possible

. field. The magnetic field produced by a coil is proportional to

1

P2 Q3, :
The powerf, P, can be written as izﬁ‘ac ox'_ef,'_2 where e; is the induced voltage.,
The induced voltage is proportional to n,% and the frequency of opseration.

Dropping the quantities which are determined by operational considerations,
P o' n2_ o< Q and

B g
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This means that for a coil whose area and‘operating frequency are deter-
mined, the transponder with the highest Q will produce the largest signal in -
the receiver for a given amount of power to the transmitter,

‘The problem of coil hesign reduces to the design of high Q coils. A

preliminary investigation of this problem has indicated that a large reduction

in the a.c. resistance cdn be expected by using Litz wire.h The quéstion of

the kind of winding to use is still undecided. It is stated in Henney's R;dio

‘Engineering Handbook (3rd Edition) p. 87 that honeycomb and bank wound coils

are superior at frequenciesibelow 300 kc. Our experience has been that a
spide;;web type winding has -given us the highest Q.

Several coils were wound on a form 12 inches in diameter, 200 turns, about

1 inch wide, and with a pitch of about four inches. A honeycomb type of winding

. : T
was used. The results are given.in the table below,

AWG ' Distributed i

Number L Capacity  Frequehicy Q R, o R Ry
#18 23mh 93mmf - 66.6ke  63.5 151.5 L7.3
#2l 25.8mh ALy Bmif 65kc 37 285 16k
#30 33.8uh 232mf . . 56.8ke L6.7T 266 L.16
10/l 2mh - 118mmf 60kc 33 25 35
52/38 21,6mh .119.5méf SheBke 69 107.8 12,7

L

Butterworth, S.; "Effective Resistance of Inductance Coils at Radio

Frequency, .Part IV", Experimental Wireless and the Wireless Engineer,

(Aug. 1926) Pe h87o
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The first three coils were wound with solid wire and we note that #30 wire
is Eetter than #%Q‘but not as good as #18, The other two coils were wound
with Litz wiré. The strands of this Litz wire are not braided but merely
péralleled together; this kind is inferior fo the type madé,by'braiding'or
weaving the strands together.s Some'improvement was made with the last'ooil
but not a significant amount, | o
‘The same wire (52/38) was used to wind a spider-web type winding which
had an inside diameter of 8:5 inches and outside diameter of‘iS inches ﬁith
75 turns. This produced a coil with 2,25 mh, a distributed capacity too small
to be determined accurately and a Q of 375, This seems té indicate a spide;-
web type winding is the most efficient form. We are now in the process of
making more forms of the kind just described which will be wound with different
types of wire to determlne whether the high Q is the result of Litz wire or
the coil geometry.'
IV. CONCLUSIONS AND RECOMMENDATIONS
As a result of our theoretical andexperiméntal'investigations wé;can

conclude that a single-frequency cache marker system utilizing magnetic f”

- coupling between the detection device and the transponder is féasib1e7 We

‘have experimentally developed two systems which are capable of detect&ng the

presence of a tuned circuit (transponder) at distances up to about 30 feet,

5 Circular_?h, "Radio Instruments and Measurements", National Bureau of

Standards,
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These measurements have been made primarily in air alth‘ough a few tests have

- indicated that the building wall of brick and cinder block has no noticeable

show that the attenuation of magnetic fields encountered .in most soils can be
neglected for the‘ffquehcy'range of 50 to 150 kc. In the case of sea water
tﬁa attennation is large in that the fields drép off to  approximately 1/k the
value in magnitude after 3/l of é meter.

. The development of a single-frequency detection system:whichhis fower
sensitive indicates that any two-frequency transponder using unshielded tuned
circuits %s vulnerable to detection by aAsingle;frequency search system., Indeed,
since the enemy has no restriction on the size and power of his equipﬁent he
can find a two-frequency transponder 'as easily as a éinglegfrequency trans-

€Z§ ' ponder, if not more easily because-df ;he two tuned circuits.

A preliminary investigation'of the problem of coil design hés"been made
showing that the Q should be maximized for the transmitter, rTeceiver, and trans-
ponder coil., At the frequency range of 50 to-lSOlkq..LitZ'wire offers an
improvement of 2 or more in Q over solid wire. The best coil configuration
appears to be a spider-web type winding but, because of lack of time and pro-

. curement difficulties, our invgétigations have not been sufficiently thorough
in this matter to.be certain,

It is recommended that thé,twb single-frequ&ncj systems: the pulsed
system, and the crossed coils system, be carried on to the engineering protoe
type stage in Phase II. In addition, the balanced coil system, which we

have not had time to consider in this five month period, should be investigéted.

‘ér i ¢
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APPENDIX A

The Attenuation of Electromagnetic Waves

Upon Penetration into the Barth

The attenuation of the electromagnetic wave upon entering the earth is

given (in Terman's Radio Engineers! Handbook, First Edition, McGraw-Hill

Book Company,

New York (1943) p. 698) in terms of

Current density at de}‘)th d .- € -pd

Current density at surface -

where

p= Eé-}é ( \/1 + (c"x169)2- } 1)] 3

d = depth (cm.)

X = 0.00872 £

B = 0.856 x 107k fre.

k = dielectric constant of earth

fmc: frequency, mc

0T T earth‘ conductivity, emu.
"I‘ype of Terrdin - Dielectric Constant
Fresh water 80
Sea.- water 81
Sandy, dry, flaﬁ:
typical of coastal country 10
‘Soil (limits)

- _ 20 to 5

CONFIDENTTAL

Conductivity (emu)

1l
-11

1x10
L.64 x 10

2 x ].O']'h
3 x 20703 g0 30714
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 For fmc' - 0.1 X = 8«x 10”" ™ o= 7.89 x 1_0'-3 v
B = 5.56 x 1070 &
For sea water k = 81 92 Lol x 1o‘f11. Calculating p we get

1.35 x 1072 and % = 7L cm, This is the depth the fields will penetfate
before they drop off to 1/ € .

For fresh water k = 80" o = 10-1)"
p = 2055 X 10-1‘ ‘ % = 3,92 x.10° cm or 39.2 meters.
For soil k = 20 o= 10-13

p = 6,28 x 10"h %_ = 1.59 x 10% cm or 15.9 meters.

We find that only in the case of sea water should e expect a large departure

. from the results of our experiments of magnetic coupling in air,
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APPENDIX B

e

The Magnétic Fieid ‘and Induced.
Voltage for Planar Coils

We ;aish to éalculate the voltage~that is induced in a coil due to the
circulating current in another coil. This ia accompliéhed by determining
the time rate of change of the magnetic flux passing through one coil due
to the other co:Ll. We assume the planes of the c01ls are parallel and the
axes of symmetry collinear, )

The magnetic field produced by a loop ;of'wire at point p is given to a

 first appro;d.mation"byl““'"""”'“f*-' - e .

i - - _ iz iA'asm g - . h Yo
H = 2= 4 3= xR
I

where o

A = Area of the loop (cm )

R = distance from center of loop ’oo po:.nt P (cm)

H
i

@ = angle between Z axis and R

. » '3 = current in loop of wire (abamperes)
. H = maghetic field strength (gauss)
3. = unit vector in direction of Y axis

@ 1 See for example, Page, Leigh, and Adamsj, Norman Io, Jr., "Principles of
' Electricity", D; Van Nostrand Co., New York (1931) pp. 250 ff. . r
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Looe or Wirs

% Nd C,cH—I

Figure 1

Taking components along R and at right angles thereto in the direction of

increasing © .

I -2%‘% cos ©
I TR .
Hg =3 sin Q. . "‘}

N The:magnetic field in the % direction is

| Y g H - 2iA

- A

Wpiting A as 11"3.2 and i as io sin w t where io is in practical units
HZ; = 2T azio sinwt *
10 R3

50X1
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for one turn and N times as great for N turns.

; B - The induced voltage in Coil II is given by

‘e ' | . ~Ndf 1,~8
| e; = I 10

in volts,

where N equals the number of turns 1n Coil II.

g = H ."._a2 = 2( az)Nio sinwt
8 : 10 ®3

and

P
10 R3 N

. where N is numbér of turns in Coil L.
Then ' 5 ‘
v - =2(r a?)%y i, weoswt
10 B3

ey - 1078,
! ‘ Both coils are identicai.. To get some idea of the order of magnitude of the
indticed ‘voltage, consider the following dimensions:.
9 a = 25 em R = 10* = 300 em
N = 100 ' w Tz 271 10h io = 1 amp,
For ‘theSe;" "va];ues we obtain.
e = .18 cos w t volts,

It was this calculation which suggested the basic experiment,

Now let us calculate the voltages induced for the configuration described

* " in the basic experiment. Cpnsider first the case where the coiis are kept

parallel to each other,

: CONFIDENTIAL Page 36
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o

Qou.‘ll'.'
2
Figure 2 _
@ The voltage induced in Coil II is proportional to the normal component of the

magnetic flux passipg Coil II, Let us call the normal component of the

- magnetic field at Coil II H (r,0). This can be written as

H,(R,08) = HR cos 6

(X

The 'induced voltage when R =

/
H (R ZId,8z:0)

—~

3
~ S

- Hy sin ©

23 0529 - 4B gip2g

3

%é (cos?0 - 1 sin),

d and 6 2 O is proportional to
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‘Then the ratio of the induced voltages when Coil II is at (R,0) to when it

is at (d4,0) is

o : 2
H_ (R,0) _ '%’;Ar V(cosze -3 813209»
A (R=d, 6= 0) - 2iA
a a3
y
= (%) (cos20 - 1 sin2Q)

or cos36 (cos?6 - % sin%e)

since % ‘:;' cos 8,
Thus

es(R,0) . . |
-e—%(a—’—o-y- = cos30 (cos?@ - 1 sin 0)
1(4,0)

Examination of this equation shows that the voltége ratio depends only on

N Knowihg ei(d,Oé), e; for all values of R, © can then be determined.

Now consider  the case where the axis of symmetry of Coil I is always pointed

in the direction of Coil II.

v/)cml' S o
L/e Axis oF §'\’NHE""2'Y

4 | | R
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Figure 3'
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In this case at Coil II there is only the magnetic field cdmpohent
in the direction of R and the normal component is
| EITUN
—Rj— cos O,
- The magnetic field at (d,0) is still

2 iA . -
&3

and for this case

| 61 (R,0) ': wslio

&y (4,0)
e
©
| | | - - - 50X1
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